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A method and apparatus for controlling a hydraulic power
system is provided that includes a hydraulic motor and a
hydraulic pump configured to supply hydraulic fluid to the
hydraulic motor. A relief valve is provided that is configured
to release hydraulic fluid from a location between the hydrau-
lic pump and the hydraulic motor when a pressure of the
hydraulic fluid exceeds a predetermined relief pressure.
Above a predetermined threshold pressure for the system, the
displacement of the pump is adjusted to at least a minimum
displacement that is based on a total demanded flow for the
system that includes a desired flow of hydraulic fluid across
the relief valve and a first hydraulic fluid flow consumed by
the motor.
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20 Claims, 4 Drawing Sheets

' 4 4L 4
8ot A
% Y
\QBC S“I/ r= L~ 6@
// =y L-Jl } — 1
‘ - de
& —~4%
D ’CQ 4 [
3 L
W
Yoo g




U.S. Patent Aug. 4, 2015 Sheet 1 of 4 US 9,096,989 B2




US 9,096,989 B2

Sheet 2 of 4

Aug. 4, 2015

U.S. Patent

Sy —

©= ]

o

£

L/
il

M =

Mm’«_,../),
A o Y

L
W |

» |
2\ - ¢4
: SR
t | s :
; =
“l.....il. ..\\ !l;“nl... \W\
/ |
g

=

7

Ll e

VA

\\ 24 b z
ST 77 77 e e "




U.S. Patent Aug. 4, 2015 Sheet 3 of 4 US 9,096,989 B2

PR

Fresssore
-

Fr

T 1 T [
U BT I <“l‘\‘33 Q,



U.S. Patent

N

N

PRESSURE?
N ela

Aug. 4, 2015

Sheet 4 of 4

Fre. Y

DETERMINE
PRESSURE OF
HYDRAULIC FLUID
IN SYSTEM

DOES PRESSURE
EXCEED
PREDETERMINED

THRESHOLD

.

YES

DETERMINE
DESIRED RELEASED
FLOW

hc;\q

DETERMINE TOTAL
DEMANDED FLOW
FOR SYSTEM

CAéy

y

REGULATE
DISPLACEMENT OF
PUMP BASED ON
PRESSURE OF
HYDRAULIC FLUID
OR COMMANDED
MOTOR SPEED

A

REGULATE
DISPLACEMENT OF
PUMP TO AT LEAST

MINIMUM
DISPLACEMENT
BASED ON TOTAL
DEMANDED FLOW

RELEASE
HYDRAULIC FLUID
WHEN PRESSURE
EXCEEDS RELIEF
PRESSURE

US 9,096,989 B2



US 9,096,989 B2

1
ON DEMAND DISPLACEMENT CONTROL
OF HYDRAULIC POWER SYSTEM

TECHNICAL FIELD

This patent disclosure relates generally to hydraulic power
control systems and methods and, more particularly to sys-
tems and methods of controlling displacement of hydraulic
pumps of hydraulic power systems based on demanded total
system flow.

BACKGROUND

Machines may include one or more hydraulic power sys-
tems to drive one or more loads. The load may be a work
implement on the machine or it may be a drive component that
provides propulsion for the machine itself. For example, in a
machine drive train, a hydraulic power system, also known as
a hydrostatic transmission, may be used in lieu of a mechani-
cal transmission.

A hydraulic power system may include a variable displace-
ment hydraulic pump and a hydraulic motor, which may also
have variable displacement, that are connected together in a
closed loop configuration. Fluid pumping through the
hydraulic motor can cause it to spin an output shaft to thereby
move a load such as a drive mechanism, such as a wheel or
track, or a work implement. By varying the displacement of
the pump, the amount of fluid pumped to the hydraulic motor
may be controlled. This can be in response to a received
operator input. For example, when an operator depresses an
accelerator pedal to indicate a desire for more speed or torque
of a drive mechanism, a discharge of the pump (flow and/or
pressure) is proportionally increased.

To protect components of the transmission from damage,
operation of the pump and/or motor is commonly limited
according to pressure. Pressure may build in a hydraulic
power system that functions to power the drive mechanism of
a machine when the machine encounters an external resis-
tance such as when pushing on something that is heavy or
substantially immovable, like a large pile of earth. When the
machine meets the resistance of the large pile of earth, the
forward travel of the machine may be slowed or stopped,
which, in turn, slows or stops the hydraulic motor that drives
the drive mechanism. This substantially inhibits the flow of
fluid through the motor. However, the variable displacement
pump may continue to pump fluid to the hydraulic motor
resulting in a build-up of pressure in the system.

One way to relieve this kind of pressure build up is with a
cross-over relief (COR) valve, which may permit hydraulic
fluid to flow (i.e., cross over) from the high pressure side of
the circuit over to the low pressure side. While a COR valve
can prevent spikes in pressure, continued flow across a COR
valve can cause significant heating of the hydraulic fluid due
to the pressure drop of the fluid as it passes from the high
pressure side to the low pressure side of the system. More-
over, flow across a COR can be an inefficient use of energy
since the flow through the valve is not productive, that is, not
being used in a productive manner, such as, for example to
turn the hydraulic motor.

Another common way to provide pressure relief is with an
electronic pressure override (EPOR) system. An EPOR sys-
tem senses system pressure and acts to reduce the displace-
ment of the variable displacement pump, and thus reduce the
amount of fluid being pumped to the hydraulic motor (or
implement actuator), when the pressure exceeds a certain
amount. Many hydraulic systems include EPOR systems in
addition to COR valves.
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An example of an EPOR system with COR is disclosed in
U.S. Pat. No. 6,202,411 (the *411 patent). The 411 patent
discloses a system that adjusts the discharge flow rate of a
hydraulic pump when the system is held at a predetermined
pressure for a predetermined period of time and when a spe-
cific operational condition of the system is sensed. Some of
the disclosed operational conditions include use of a specific
type of work implement, a high revolution condition of the
engine and an operator selected work mode.

While effective to reduce pressure in the system, EPOR
systems that are based on pressure control can be difficult to
tune in a way that yields a consistent, intuitive feel to an
operator of the machine. In particular, since the pressure
control can be quite sensitive, when the EPOR system acti-
vates to reduce the pressure in a system, the pressure can
momentarily overshoot and then drop dramatically causing
an operator to feel as though the machine has suddenly
stopped pushing. Moreover, an EPOR system based on pres-
sure control can be relatively stiff to control and must be set to
a pressure that is less than the upper limit of the system
meaning that the machine may produce less than its maxi-
mum capable performance.

SUMMARY

The disclosure describes, in one aspect, a hydraulic power
control system for a machine. The system includes a hydrau-
lic motor and a hydraulic pump configured to supply hydrau-
lic fluid to the hydraulic motor. A relief valve is provided that
is configured to release hydraulic fluid from a location
between the hydraulic pump and the hydraulic motor when a
pressure of the hydraulic fluid exceeds a predetermined relief
pressure. Above a predetermined threshold pressure for the
system, the displacement of the pump is adjusted to at least a
minimum displacement that is based on a total demanded
flow for the system that includes a desired flow of hydraulic
fluid across the relief valve and a first hydraulic fluid flow
consumed by the motor.

In another aspect, the disclosure describes a method of
controlling a hydraulic power system for a machine. The
method includes the step of determining if a pressure of the
hydraulic fluid in the system exceeds a predetermined thresh-
old pressure. Displacement of a hydraulic pump is regulated
to at least a minimum displacement that is based on a total
demanded flow for the system that includes a desired flow of
released hydraulic fluid and a first hydraulic fluid flow con-
sumed by a hydraulic motor when the pressure exceeds the
threshold pressure.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic side view of a wheeled machine
suitable for use with the apparatus and method according to
the present disclosure.

FIG. 2 is a schematic illustration of a hydraulic power
system and associated control system according to the present
disclosure.

FIG. 3 is a simplified exemplary plot of system pressure on
the x-axis and pump displacement on the y-axis that illus-
trates a potential impact of the hydraulic power system and
associated control according to the present disclosure as com-
pared to a pressure based control strategy.

FIG. 4 is a schematic flow diagram illustrating a hydraulic
power control method according to the present disclosure.

DETAILED DESCRIPTION

This disclosure relates to an apparatus and method for
controlling a hydraulic power system for a machine that may



US 9,096,989 B2

3

be operable to transmit power to a load associated with the
machine. With particular reference to FIGS. 1 and 2, an exem-
plary machine 10 having a power source 12 and a hydraulic
power system 14 (see FIG. 2) that can transmit power from
the power source 12 to a load, in this case one or more traction
devices 16, that propel the machine in response to an input
received via an operator input device 18. In the embodiment
of FIG. 1, the traction devices 16 comprise wheels. Alterna-
tively, the traction devices may embody a track located on a
side of the machine, a belt, or any other driven traction device.
When two drive trains are included within the machine 10, the
two associated traction devices 16 may be located on oppos-
ing sides of the machine 10 and simultaneously controlled to
propel the machine 10 or independently controlled to steer the
machine 10.

In addition to transmitting power to the traction devices
that propel the machine, the hydraulic power system 14 also
may be used to transmit power to other loads such as, for
example, an implement that is connected to the machine. In
this case, the machine 10 includes a bucket 17 that is sup-
ported by a boom 19 (see FIG. 1) that is mounted to the body
of the machine. The implements carried by the machine may
be utilized for a variety of tasks, including, for example,
loading, compacting, lifting, brushing, and include, for
example, buckets, compactors, forked lifting devices,
brushes, grapples, cutters, shears, blades, breakers/hammers,
augers, and others.

While the hydraulic power system 14 is illustrated in con-
nection with a wheel loader, the arrangement disclosed herein
has universal applicability in various other types of machines
as well. In this regard, the term “machine” may refer to any
machine that performs some type of operation associated
with an industry such as mining, construction, farming, trans-
portation, or any other industry known in the art. For example,
the machine 10 may be an earth-moving machine, such as a
wheel loader, track loader, bulldozer, excavator, dump truck,
backhoe, motor grader, material handler or the like.

The power source 12 may be configured to produce a power
output and may include an internal combustion engine. For
example, the power source 12 may include a diesel engine, a
gasoline engine, a gaseous fuel-powered engine, or any other
type of engine apparent to one skilled in the art. It is contem-
plated that the power source 12 may alternatively embody a
non-combustion source of power such as a fuel cell, a battery,
or an electric motor, if desired. The power source 12 may
produce a rotational mechanical output received by the
hydraulic power system 14.

The operator input device 18 may be located within an
operator station of the machine 10, for example, in close
proximity to an operator’s seat. The operator input device 18
may embody any one of numerous devices that control func-
tions of the machine 10. In one example, the operator input
device 18 may embody a joystick controller. It is contem-
plated, however, that operator input device 18 may embody
additional or different control devices such as, for example,
pedals, levers, switches, buttons, wheels, and other control
devices known in the art. The operator input device 18 may be
manipulated to generate signals indicative of a desired output
of'the hydraulic power system 14 (i.e., a desired travel speed,
rimpull torque, and/or travel direction of the machine 10). In
one example, a single operator input device 18 may be used to
simultaneously control the movement of multiple traction
devices 16. In another example, multiple operator input
devices 18 may be used to independently control the move-
ment of multiple traction devices 16.

With additional reference to FIG. 2, the hydraulic power
system 14 may include a hydraulic pump 20 and a hydraulic

10

15

20

25

30

35

40

45

50

55

60

65

4

motor 22 coupled in a closed loop hydraulic configuration
(i.e., the hydraulic power system 18 may be a hydrostatic
transmission). The pump 20 may be mechanically driven by
the power source 12, while the motor 22 may mechanically
drive the traction device 16. A first passageway 24 may direct
pressurized fluid discharged from the pump 20 to the motor
22. A second passageway 26 may return used fluid from the
motor 22 to the pump 20. It is contemplated that, in some
embodiments, the functions of the first and second passage-
ways 24, 26 may be reversed to thereby reverse the travel
direction of the traction device 16, if desired.

The pump 20 may be a swashplate-type pump and include
multiple piston bores, and pistons held against a tiltable
swashplate 28. The pistons may reciprocate within the piston
bores to produce a pumping action as the swashplate 28
rotates relative to the pistons. The swashplate 28 may be
selectively tilted relative to a longitudinal axis of the pistons
to vary a displacement of the pistons within their respective
bores. The angular setting of the swashplate 28 relative to the
pistons may be carried out by any actuator known in the art,
for example, by a servo motor. Although shown in FIG. 1 as
producing only a unidirectional flow of pressurized fluid, it is
contemplated that the pump 20 may be an over-center type
pump or rotatable in opposing directions to produce flows of
fluid in opposing directions, if desired.

The motor 22 may be a fixed or variable displacement type
motor fluidly coupled to the pump 20. The motor 22 may
convert the pressurized fluid from pump 20 into a rotational
output of traction device 16. As a variable displacement
motor, the motor 22 may include multiple piston bores and
pistons (not shown) held against a fixed or rotatable swash-
plate 30. The angle of the swashplate 30 may determine an
effective displacement of the pistons relative to the bores of
the motor 22. The angular setting of the swashplate 30 relative
to the pistons may be carried out by any actuator known in the
art, for example, by a servo motor.

The hydraulic power system 14 may include a boost circuit
associated with the pump that can operate to boost the pres-
sure of the hydraulic fluid that is directed to the input side of
the pump 20. As shown in FIG. 2, the boost circuit can include
a boost pump 32, check valves 34 and 36 and a boost circuit
relief valve 38 that discharges to a sump 40. In a known
manner, the boost circuit may interact with a bleeding block
to control the low pressure line in the hydraulic power system
14. As noted previously, the low pressure line is typically
going to be first passageway 26, which is the return line from
the motor 22, however under certain operating conditions, the
second passageway 24 may be the low pressure line. In this
case, the bleeding block can include a shuttle valve 42 and a
bleeding block relief valve 10 that is configured to discharge
to the sump 40.

In some situations, it may be possible for the pressure of the
fluid discharged by the pump 20 to exceed an acceptable
threshold value. If unaccounted for, these high pressures
could result in damage to the hydraulic power system 14. As
shown in FIG. 2, in order to help minimize damage and ensure
predictable operation of the machine 10, a first cross-over
pressure relief valve 46 may be situated to selectively direct
pressurized fluid from the pump 20 to bypass the motor 22
(i.e., to direct fluid from the high pressure first passageway 24
to the low pressure second passageway 26, without the fluid
passing through the motor 22) via a first bypass passageway
48. Additionally, to account for situations in which the second
fluid passageway 26 is the high pressure side of the hydraulic
system (e.g., when the system is operating in reverse), a
second cross-over pressure relief valve 50 may be provided
that is situated to selectively direct pressurized fluid from the
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second fluid passageway 26 to the lower pressure first pas-
sageway 24 via a second bypass passageway 52.

Although illustrated as pilot operated, spring biased, valve
mechanisms, it is contemplated that the cross-over pressure
relief valves 46, 50 could alternatively embody an electronic
valve actuated in response to a measured pressure, if desired.
Additionally, the pressure limit of the pressure relief valves
may be variable, and may also be adjustable.

A control system 53 including a controller 54 with associ-
ated sensors may be provided to facilitate operation of the
hydraulic power system 14. As schematically shown in FIG.
2, the controller 54 may be in communication with the opera-
tor input device 18, the pump 20, the motor 22, a pump speed
sensor 56, a motor speed sensor 58, a hydraulic fluid tempera-
ture sensor 60 and a power source speed sensor 62. The
temperature sensor 60 may be configured to monitor tempera-
ture of hydraulic fluid and may be located anywhere within
the hydraulic circuit. For example, the temperature sensor 60
may be configured to monitor the temperature of the hydrau-
lic fluid within the sump 40, as shown in FIG. 2.

The controller 54 may be further configured to generate
control signals for regulating operation of the pump 20 and
the motor 22. More particularly, the controller 54 may be
configured to control displacement of the pump 20 and the
motor 22 by, for example, controlling a pump actuator device
64 (e.g., a solenoid and spool valve) to vary the displacement
of the pump 20. Additionally, the pump actuator device 64
may provide information to the controller about actual or
commanded displacement of the pump 20. Similarly, the
displacement of the motor 22 may also be controlled by a
motor actuator device 66. The motor actuator device 66 may
also provide information to the controller about actual or
commanded displacement of the motor 22. The controller 54
may control displacement of the pump 20 and motor 22 based
on information received from the operator input device 18 and
the various sensors. The controller 54 may be in communi-
cation with the operator input device 18, pump 20, motor 22
and sensors via control lines, which may carry digital, analog,
or mixed types of signals. Alternatively, communication with
the various components may be implemented by mechanical
or hydraulic lines.

The controller 54 may embody a single microprocessor or
multiple microprocessors. Numerous commercially available
microprocessors may be configured to perform the functions
of'the controller 54. It should be appreciated that the control-
ler 54 may readily embody a general machine microprocessor
capable of controlling numerous machine functions. Various
other circuits may be associated with the controller 54, such
as power supply circuitry, signal conditioning circuitry, data
acquisition circuitry, signal output circuitry, signal amplifi-
cation circuitry, and other types of circuitry known in the art.

In addition to the cross-over relief valves 46, 50, the system
may also be equipped with an electronic pressure override
(EPOR) control. The EPOR may be implemented by the
controller 54 and be operable to reduce the displacement of
the pump 20 and/or increase displacement of the motor 22 to
reduce pressure in the system when a pressure sensor 70 (see
FIG. 2) associated with the system measures a pressure above
a predetermined limit. The predetermined limit at which the
EPOR system activates may be variable or adjustable. The
amount of change to the displacements of the pump 20 and/or
motor 22 (i.e., the amount the actual gear ratio is reduced from
the operator desired gear ratio) may be known as the EPOR
factor. The pressure sensor 70 may be arranged at any point in
the hydraulic system between the pump 20 and the motor 22.

Under certain operating conditions, an EPOR control may
provide a less than ideal feel to an operator of the machine 10.
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In particular, operator feedback when trying to recover from
a machine stall condition can be problematic with an EPOR
control system. For example, FIG. 3 provides an exemplary
plot of system pressure on the x-axis and pump displacement
on the y-axis that illustrates the operation of the cross-over
pressure relief valves 46, 50 and the EPOR control. In FIG. 3,
line 72 represents the theoretical pump capability and line 74
represents the actual pump capability as limited by the power
of the power source 12. As load drives the system pressure
higher, the pump displacement is first determined by the
power limit of the power source 12. Point 76 represents the
mechanical operation of the cross-over pressure relief valves
46, 50. The cross-over pressure relief valves 46, 50 operate to
maintain the system pressure once it reaches the predeter-
mined relief pressure setting of the valves. Thereafter, with-
out an additional control there would be no decrease in pump
20 displacement as pressure will be maintained by the cross-
over pressure relief valves.

Line 78 in FIG. 3 represents operation of the EPOR control.
As shown in FIG. 3, at a pressure that, in this case, is near but
below the relief pressure setting of the cross-over relief valves
46, 50, the EPOR system activates. As shown, dynamically
and momentarily, the system pressure continues to rise and
exceeds the pressure at which the EPOR system activates.
However, after a few seconds, as the controller 54 decreases
displacement of the pump 20, the pressure will drop down to
the level at which the EPOR control was initially activated.
This drop in pressure is represented by segment 80 of line 78.
Line segment 81 represents how displacement of the pump 20
is then increased by the EPOR control. As shown by FIG. 3,
the EPOR control allows the machine to operate at a higher
pressure at some points than at others. When the operating
pressure of the system drops, it can give an operator the feel
that the machine suddenly quits pushing. Additionally, the
EPOR control does not allow the system to operate near or at
the maximum pressure limit of the system. Thus, less torque
may be available to an operator of the machine. Also, in a stall
condition, the pressure limitation imposed by the EPOR con-
trol can require a significant decrease in machine load in order
to start increasing the pump displacement as the pressure may
not be maintained uniformly as suggested by line 81. That,
combined with poor hydraulic motor efficiency at zero speed
can make recovery from a stall condition difficult.

The hydraulic power system 14 may be able to tolerate at
least some flow through the cross-over relief valves 46, 50
under at least some operating conditions and for at least some
period of time. Accordingly, in such circumstances, it may be
possible to regulate displacement of the pump based on a total
demanded flow for the system according to the present dis-
closure rather than based solely on pressure. Controlling
based on total demanded flow can provide improved perfor-
mance as compared to a solely pressure based control par-
ticularly at high load conditions for the machine. More spe-
cifically, under high load conditions, controlling based on
total flow can permit the system to operate nearer to the
highest pressure mechanically allowed by the system thereby
increasing the torque available to an operator of the machine.
Controlling based on total flow under high load conditions
can also improve the transient response of the machine
because the control monitors pump flow demanded by the
motor and proactively increases pump displacement for
demand. Since the total demanded flow based control may
only be activated under certain operating conditions, for
example high load conditions, it can be used in conjunction
with the EPOR control which would be active when the high
load conditions are not present.
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Referring to FIG. 4 of the drawings, a schematic flow
diagram is provided that includes various steps that may be
included in the total demanded flow based control system for
the hydraulic power system 14 and may be implemented by
the controller 54. In an initial step 88, the pressure of the
hydraulic fluid in the circuit is determined. This step 88 can be
implemented by the controller 54 in conjunction with the
pressure sensor 70. Next, the pressure determined in step 88
is compared to a predetermined threshold pressure in step 90.
Again, this step 90 can be implemented by the controller 54.
The threshold pressure can represent the point at which the
control system transitions from a pressure based control to the
total demanded flow based control. The threshold pressure
may be determined based on what represents a high load
condition for the machine 10. For example, the threshold
pressure may be approximately 90% of the maximum pres-
sure for the system.

If the system pressure determined in step 88 does not
exceed the predetermined threshold pressure as determined in
step 90 then the system may regulate displacement of the
pump based on pressure of the hydraulic fluid using the EPOR
control or commanded or desired motor speed in step 92. The
method then cycles back to step 88 and the pressure of the
hydraulic fluid in the circuit is again determined.

If'the pressure in the circuit does exceed the predetermined
threshold pressure in step 90, a further step 94 of the method
shown FIG. 4 involves determining a desired flow across the
cross-over pressure relief valve 46, 50. Again, this step 94
may be implemented by the controller 54. To this end, the
controller 54 may include one or more software maps stored
within an internal memory thereof that the controller 54 may
reference during operation. Each of the maps may include a
collection of data in the form of tables, graphs or equations.
The desired level of flow across the cross-over pressure relief
valve 46, 50 may be determined in a variety of different ways.
For example, continued flow across the cross-over relief valve
46, 50 can cause heating of the hydraulic fluid due to the
pressure drop of the fluid as it passes from the high pressure
side of the circuit to the low pressure side of the circuit. This
build-up ot heat may adversely atfect operation of the hydrau-
lic power system at some point. Accordingly, the desired
amount of flow across the cross-over pressure relief valve 46,
50 may be determined based on a measured temperature of
the hydraulic fluid in the sump 40, in this case, via tempera-
ture sensor 60. For example, a control map may be provided
in the software of the controller 54 based on measurements in
a test environment of the sump temperature for a given level
of flow across the cross-over pressure relief valve 46, 50. The
control map may provide a maximum flow across the cross-
over pressure relief valve for a measured sump temperature
and from that the controller 54 may select a lower flow across
the cross-over relief valve for other reasons such as fuel
savings.

Once the desired flow across the cross-over pressure relief
valve 46, 50 is determined in step 94, the controller 54 can
then determine a total demanded flow for the system in step
96. The total demanded flow can include both the desired flow
across the cross-over relief valve 46, 50 from step 96 and the
hydraulic fluid flow consumed by the motor 22. In addition,
the total demanded flow can include losses in the circuit as a
result of leakage. For example, leakage in the circuit may be
generated by clearances between pistons and bore of the
pump 20 and motor 22 and of any associated valves. L.eakage
in the circuit may be based on an actual measurement or an
estimate that takes into account how leakage can vary depend-
ing upon pressure in the circuit.
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Next, in step 98, the system can regulate displacement of
the pump 20 to at least a minimum displacement based on the
total demanded flow determined in step 98. In this sense, the
system can be considered to be providing a floor below which
the displacement of pump 20 will not be set. Moreover,
because it is based on total demanded flow for the system, the
floor can be considered to float in the sense that the minimum
displacement will rise as more flow is consumed by the motor
22. Thus, stall recovery can be improved as compared to an
EPOR control because rather than wait for pressure to begin
to drop before increasing pump displacement, the system can
increase pump displacement immediately to compensate for
flow usage by the motor 22. In this regard, with reference to
FIG. 3, the operation of the total demanded flow based control
system in terms of pressure vs. displacement is shown by
vertical line 82. There may be operating conditions under
which the controller 54 would select a pump displacement
that is different than the floor determined based on total
demanded flow. For example, if the power source 12 is not
capable of providing the power that may be needed to sustain
the displacement floor based on the total demanded flow then
the displacement may be reduced by the controller 54 to level
at which the engine will not stall.

The final step 100 in FIG. 4 involves releasing hydraulic
fluid at a location between the pump 20 and the motor 22
when the pressure of the hydraulic fluid exceeds a predeter-
mined relief pressure. In the hydraulic power system 14 illus-
trated in FIG. 2, the releasing is performed by the cross-over
pressure relief valves 46 or 50 and the released hydraulic fluid
is directed from the high pressure side of the side of the
hydraulic circuit to the low pressure side of the hydraulic
circuit via either the first or second fluid bypass passageways
48 or 52.

INDUSTRIAL APPLICABILITY

The hydraulic power control system and method described
herein may be implemented in a variety of different machines
that utilize hydrostatic transmissions to power movement of
the machine or operation of an implement that is connected to
the machine. The disclosed control system and method may
be particularly suitable to applications in which, under at least
some operating conditions, some amount of flow over a cross-
over relief valve can be maintained without excessive heating
of the hydraulic fluid in the system.

As compared to control systems that operate based solely
on pressure of the hydraulic fluid in the system, the disclosed
control system and method based on flow across the cross-
over relief valve or non-productive flow may provide a more
consistent feel to an operator of the machine because at high
load conditions it is not subject to the overshooting issues
associated with pressure based control systems that may
make an operator feel as if the machine has suddenly stopped
pushing. Moreover, as compared to solely pressure based
control systems, a control scheme based on flow across the
cross-over pressure relief valve may allow the hydraulic
power system to operate more closely to its maximum allow-
able pressure, thereby increasing the available torque. Also,
because it can monitor the amount of flow being consumed by
the motor and proactively increase the pump displacement
based on demand, the system can provide improved machine
transient response particularly at or near a stall condition.

It will be appreciated that the foregoing description pro-
vides examples of the disclosed system and technique. How-
ever, it is contemplated that other implementations of the
disclosure may differ in detail from the foregoing examples.
All references to the disclosure or examples thereof are
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intended to reference the particular example being discussed
at that point and are not intended to imply any limitation as to
the scope of the disclosure more generally. All language of
distinction and disparagement with respect to certain features
is intended to indicate a lack of preference for those features,
but not to exclude such from the scope of the disclosure
entirely unless otherwise indicated.

Recitation of ranges of values herein are merely intended to
serve as a shorthand method of referring individually to each
separate value falling within the range, unless otherwise indi-
cated herein, and each separate value is incorporated into the
specification as if it were individually recited herein. All
methods described herein can be performed in any suitable
order unless otherwise indicated herein or otherwise clearly
contradicted by context.

Accordingly, this disclosure includes all modifications and
equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover,
any combination of the above-described elements in all pos-
sible variations thereof is encompassed by the disclosure
unless otherwise indicated herein or otherwise clearly con-
tradicted by context.

We claim:

1. A hydraulic power control system for a machine com-
prising:

a hydraulic motor;

avariable displacement hydraulic pump configured to sup-
ply hydraulic fluid to the hydraulic motor;

a relief valve configured to release hydraulic fluid from a
location between the hydraulic pump and the hydraulic
motor when a pressure of the hydraulic fluid exceeds a
predetermined relief pressure; and

wherein above a predetermined threshold pressure of the
hydraulic fluid a total demanded flow for the system is
determined based on a determination of a desired flow of
hydraulic fluid across the relief valve and a determina-
tion of a first hydraulic fluid flow being consumed by the
motor and the displacement of the pump is adjusted to at
least a minimum displacement that is based on the total
demanded flow for the system.

2. The system of claim 1 wherein the desired flow across
the relief valve is based on a temperature of the hydraulic
fluid.

3. The system of claim 1 wherein the determination of the
total demanded flow includes a determination of a leakage
flow for the system.

4. The system of claim 1 wherein the predetermined thresh-
old pressure is approximately 90% of a maximum pressure
for the system.

5. The system of claim 1 further including a pressure sensor
for determining a pressure of the hydraulic fluid in the system
between the hydraulic pump and the hydraulic motor.

6. The system of claim 1 wherein up to the predetermined
threshold pressure for the system, the displacement of the
pump is regulated based on a pressure of the hydraulic fluid.

7. The system of claim 1 wherein up to a predetermined
threshold pressure for the system, the displacement of the
pump is regulated based on a desired speed of the hydraulic
motor.

8. A method of controlling a hydraulic power system for a
machine comprising:

determining if a pressure of the hydraulic fluid in the sys-
tem exceeds a predetermined threshold pressure;

determining a total demanded flow for the system includ-
ing determining a desired flow of released hydraulic
fluid and determining a first hydraulic fluid flow being
consumed by a hydraulic motor;
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regulating displacement of a hydraulic pump to at least a
minimum displacement that is based on the total
demanded flow for the system when the pressure
exceeds the threshold pressure; and

releasing hydraulic fluid from a location between the
hydraulic pump and the hydraulic motor when the pres-
sure of the hydraulic fluid exceeds a predetermined relief
pressure.

9. The method of claim 8 wherein the desired released flow

is determined based on a temperature of the hydraulic fluid.

10. The method of claim 8 wherein determining the total
demanded flow includes determining a leakage flow for the
system.

11. The method of claim 8 wherein the threshold pressure
is approximately 90% of a maximum pressure for the system.

12. The method of claim 8 further including the step of
determining a pressure of the hydraulic fluid in the system
between the hydraulic pump and the hydraulic motor.

13. The method of claim 8 further including the step of
regulating displacement of the hydraulic pump based on the
pressure of the hydraulic fluid when the pressure is less than
the threshold pressure.

14. The method of claim 8 further including the step of
regulating displacement of the hydraulic pump based on a
desired speed of the hydraulic motor when the pressure is less
than the threshold pressure.

15. A machine comprising:

a load;

a power source;

a hydraulic motor operatively connected to the load;

a hydraulic pump operatively connected to the power
source and configured to supply hydraulic fluid to the
hydraulic motor;

a relief valve configured to release hydraulic fluid from a
location between the hydraulic pump and the hydraulic
motor when a pressure of the hydraulic fluid exceeds a
predetermined relief pressure; and

a controller in communication with the hydraulic motor
and the hydraulic pump, the controller being configured
to determine if a pressure of the hydraulic fluid exceeds
apredetermined threshold pressure, to determine a total
demanded flow for the system that includes a determi-
nation of a desired flow hydraulic fluid across the relief
valve and a determination of a first hydraulic fluid flow
being consumed by the motor when the pressure of the
hydraulic fluid exceeds the predetermined threshold
pressure, and to regulate displacement of the hydraulic
pump to at least a minimum displacement that is based
on the total demanded flow for the system when the
pressure in the system exceeds the threshold pressure.

16. The machine of claim 15 wherein the controller deter-
mines the desired flow across the relief valve based on a
temperature of the hydraulic fluid.

17. The machine of claim 15 wherein determination of the
total demanded flow includes a determination of a leakage
flow for the system.

18. The machine of claim 15 further including a pressure
sensor for determining a pressure of the hydraulic fluid in the
system between the hydraulic pump and the hydraulic motor.

19. The machine of claim 15 wherein up to the predeter-
mined threshold pressure for the system, the displacement of
the pump is regulated by the controller based on a pressure of
the hydraulic fluid.

20. The machine of claim 15 wherein up to a predetermined
threshold pressure for the system, the displacement of the
pump is regulated by the controller based on a desired speed
of the hydraulic motor.
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